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Abstract 
In order to explore and improve the applicability of FireFOAM which is a new fire modeling code on the numerical simulation of spread 
simulation over the solid surface, the single-wall corrugated board is selected to evaluate the influence on the flame spread with different 
board width, heat release rate of fire source and the board located angle. Six cases are used and the simulation results can reflect the 
change trend of probe temperate and the flame spread rate with the three variables, generally aligning with the rules from previous 
experiments. Moreover, further studies are needed to evaluate and improve the current FireFOAM code further. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICPFFPE 2013. 
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1. Introduction 
Flame spread over solid surfaces is a very common phenomenon in fire accidents and presents significant hazards to the 
security of people’s lives and properties, which has drawn much attention. The spread properties are closely related with the 
material of solid, the width, the thickness, the placed angle, the atmospheric pressure and so on. A giant amount of 
researches and experiments has been made to explore the intrinsic relationship among various factors. De Ris [1] researched 
this phenomenon firstly in 1968, and developed an algebraic flame spread modeling which is appropriate for downward 
flame spread. De Ris [2] also investigated the upward fire spread over textiles, and got a relationship about the flame spread 
rate, which increased with the pyrolysis height exponentially. In addition, Fernandez-Pello [3] emphasized the important 
role of chemical kinetics in the process and Mamourian [4] studied the influence of the thickness considering the vertical 
PMMA sheets. Moreover, the State Key Laboratory of Fire Science in China [5,6,7] also made a series of experiments in 
different atmospheric pressure, getting a lot of experiment data and effective theoretical models. 
Although a large amount of experiments has been conducted, the numerical simulation of flame spread is immature and 
needs prompt development. This paper is an initial attempt to simulate the flame spread using a newly developed code 
called FireFOAM, which is based on OpenFOAM, a free, objected-oriented and open source CFD software package 
produced by OpenCFD Ltd. This solver features advanced meshing capabilities, including adaptive mesh and unstructured 
mesh, and parallel computing capability. In the fire simulation, it is vital to embed effective models to FireFOAM, such as 
turbulence model, combustion model, soot model, radiation model, and pyrolysis model and so on. The long-term goal for 
FireFOAM is a prediction capability for large-scale industrial fires and water-based suppressions [8]. 
In this paper, we use the single-wall corrugated board which is often adopted in the experiments of FM Global. Six cases 
with different board width, board placed angle with the horizontal plane and heat release rate of fire source, has been 
designed to analyze the influence on the flame spread. One-equation model of large eddy simulation, infinitely-fast 
chemistry model of combustion, finite volume discrete ordinates method of radiation model and one-dimensional model of 
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pyrolysis are used in this simulation. The purpose of this paper is to understand the capabilities and limitations of the current 
FireFOAM code for flame spread, to guide the next work to improve and optimize it. 
2. Mathematical models and numerical method 
2.1. Governing equations 
Flame spread is governed by Navier-Stokes equations which are spatially filtered and Frave averaged considering the 
large eddy simulation of compressible flow. The equation is shown as follows: 
 
  
Where superscript “-” donates the spatial filter and “~” donates the Frave filter.  and  are the density, 
velocity, total pressure, the pressure excluding the buoyancy, total enthalpy, mass fraction of gas mixture and gravitational 
acceleration respectively.  denote laminar dynamic viscosity, turbulent dynamic viscosity, laminar diffusion 
coefficient and turbulent Prantl number.  is chemical reaction rate.  
2.2. Pyrolysis model 
A simplified one-dimensional pyrolysis model is used in the solver, treating thermal degradation across a solid as a local 
one-dimensional problem in the direction normal to the exposed solid surface. In the meantime, the model also ignores the 
change of solid volume, the evaporation of the free and bound water, liquid phase melting and so on, while the treatment of 
one-dimension avoids the difficulties of coupling gas-phase and solid-phase solvers [9].  
The mass and energy conversation in the pyrolysis process is expressed as follows: 
Where  and  designate the mass density, heat capacity, thermal conductivity and temperature of the solid 
material,  and  are the mass reaction rate and the heat of pyrolysis respectively. The special treatment of the thermal 
boundary conditions is introduced in detail in Ref. [10]. 
In the present pyrolysis model, only three species are considered: virgin solid, char (where applicable), and pyrolytic gas 
with single heterogeneous nth-order Arrhenius reaction [10]. The corresponding global pyrolysis reaction can be written as: 
 Virgin solidėchar +gas  (8) 
2.3. Turbulence model 
One-equation eddy viscosity model is chosen in the solver, and the equation of the model is: 
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Where  and  are the turbulent kinetic energy and dissipation rate of subgrid respectively. The default value of  in 
FireFOAM is 0.094. 
2.4. Combustion model 
The turbulent combustion model is based on the assumption of infinitely-fast chemistry, which means the time of 
chemistry kinetics is ignored. This assumption can be applied to the environment of good ventilation. Recently, Chen et al. 
[11] have developed the eddy dissipation model (EDC) which followed the energy cascade concept but derived the total 
kinetic energy and dissipation rate using the subgrid scale. Wang et al. [12] embed this model to FireFOAM and obtain 
good results. 
2.5. Radiation model 
There are two main radiation models in the OpenFOAM, one is the P1 model and the other is the finite volume discrete 
ordinates method (fvDOM). In current study, we employed fvDOM coupled with the gas solver to reflect the effect of 
radiation. This model applies the conservation method to maintain a heat balance for a coarse discretization. The equation of 
this model is: 
 
Where  are the radius vector, direction vector and scattering vector, respectively.  and  denote the path length, 
absorption coefficient, refractive index and scattering coefficient.  is the Stefan-Boltzmann number. In addition,  
are the radiation intensity, scattering phase function and spatial angle respectively. 
2.6. Numerical method 
The governing equations are solved by the finite volume method. Various difference schemes are used for different terms 
in the equations. For instance, second-order accurate Crank-Nicholson scheme is applied to solve time term, Gauss linear 
TVD scheme for convective term, second-order central difference for diffusion term and fully implicit scheme for source 
term. Moreover, PIMPLE solution type which is the combination of PISO and SIMPLE solution procedures is used to 
couple separately solved equations [13]. 
3. Case description and computational setup 
In the current study, the single-wall corrugated board is used and its physical and chemical parameters are listed in table 
1. The length and thickness of the board is 3m and 0.01m respectively. A linear fire source under the board is set to ignite 
the material whose length is equal to the width of board and its width is only 0.03 m. Therein, the fire source keeps burning 
during the whole process. Three kinds of heat release rate of the fire source are designed by changing the flow rate of the 
fuel, propane. To compare the influence of flame spread with different board width, placed angle and the heat release rate 
(HRR) of the fire source, seven cases are designed. The changed range of the board width is from 0.4 m to 0.6 m, the HRR 
is from 7.13 kW to 14.25 kW, and the placed angle is 45° and 90° with the horizontal plane. The detailed cases are shown in 
table 2. 
 
Table 1.The corrugated board parameters [10] 
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The computational domain is set to be changed with the board placed angle. The different domain is shown in figure 1. 
The influence of board width and HRR is analyzed by the location angle of 90°. The total number of cells is about 200 k and 
the mesh size is 10×10×20 mm. In the meantime, the mesh of the fire source is refined and its size is 5×5×10 mm, then there 
are about 300 cells across the area of the fire source. 
The outflow boundary condition is used for the open boundaries at the top, the typical entrainment boundary condition is 
applied to the sides and the wall boundary is set to the ground. At the fire source, a fixed mass flow of propane is defined as 
the inlet boundary condition. 
Table 2.Simulation cases 
 Width/m Angle/° HRR /kW 
Case 1 0.4 90 7.13 
Case 2 0.6 90 7.13 
Case 3 0.8 90 7.13 
Case 4 0.6 45 7.13 
Case 5 0.6 90 10.69 
Case 6 0.6 90 14.25 
 
     
Fig. 1. The computational domain for different location angle (45°, 90°) 
4. Results and discussion 
Fig.2 shows the change of temperature in the slide of 0.6 m board in vertical direction from 2s to 8s. A probe is set to 
measure the change of temperature, which is at 0.01m normal to the surface and at 2m along the axis of the board. The 
location of flame front is defined by a special temperature. In the current study, 500K is put to use as the critical temperature. 
When the temperature of the board reaches to 500K at a certain location, the flame front is regarded to arrive at this location, 
and then the flame spread rate can be got by computing the temperature increasing rate along the axis of the board. 
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Fig. 2. Temperature change of the board from 2s to 8s 
             
Fig. 3. Temperature change of probe and the flame spread rate with different board width 
At first, the influence of board width on the flame spread is reflected by the temperature of the probe and the flame 
spread rate in Fig.3. The temperature change of probe in Fig.3 is basically the same, which means the board width has little 
effect on the temperature of board surface. Moreover, in theory, the influence of the board width on the flame spread rate 
should be obvious, but the trend in this figure is confused. More cases about the board width should be designed to find out 
the regularities in the next study. 
        
Fig. 4. Temperature change of probe and the flame spread rate with different located angle 
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Fig. 5. Temperature change of probe and the flame spread rate with different HRR of fire source 
Fig.4 shows the influence of location angle on the temperature of the probe and the flame spread rate along the board 
axis. On one hand, the temperature of probe of 90 degrees rises more rapidly than that of 45 degrees and the temperature of 
45 degrees in 10s doesn't reach to the highest temperature which is about 1100K. On the other hand, the located angle has 
import effect on the flame spread rate. From the right-hand of the Fig.4, the average flame spread rate of 90degrees is 
almost twice times than that of 45 degrees.  
Fig.5 reflected the influence of HRR of the fire source on the flame spread properties. The more the HRR of fire source 
is, the higher temperature of probe and the faster flame spread rate are. The HRR change has little effect on the maximum 
value of the probe temperature, but remarkable influence of flame spread rate from 3s to 6s, considering the fire source 
keeps burning and the region of flame spread is within the obvious influence of fire source in that period. 
5. Conclusions 
The aim of this paper is to exhibit and assess the accuracy of current FireFOAM code about the flame spread, and then 
lay the foundation for next improving work. Three important variables including board width, board located angle and heat 
release rate of fire source, are considered in the process of designing cases and their influence on flame spread is displayed 
in this study. 
The surface temperature of the board remains unchanged basically with different board width, but increases significantly 
with the heat release rate of fire source increasing. In the meantime, the board located angle effects the probe temperature 
obviously. The flame spread rate is a key index in the process of flame spread, and the simulation results can reflect the rate 
change with the influence of located angle, the heat release rate of fire source.  
Most of the simulation results can reflect the change trend of flame spread with the three variables, and generally align 
with the rules from previous experiments. But some details are ambiguous, such as the influence of board width on the 
flame spread rate. Future studies are needed to evaluate and improve the current FireFOAM code further. 
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